The screw drive in-pipe robot is a type of effective intelligent equipment for inspecting pipeline failure. In-pipe robots have a wide range of design parameters due to varied pipe types and application conditions. Experiential or theoretical design means cannot ensure the validity and success rate, which leads to the increase in production cost and cycle. Therefore, in order to solve the rapid design problem of screw drive in-pipe robots, a parameterized simulation system based on ADAMS secondary development technology and a simple design strategy is proposed. Firstly, the motion principles of screw drive in-pipe robots are analyzed to establish a generalized design model. Then, the key parameters of the geometric structure are extracted and associated, which work as the input variables to design the robotic model. Then the general parameterized simulation system is established based on the CMD language of ADAMS simulation software. Finally, a simple design strategy is proposed and a design application case for pipeline diameter of 225 mm is studied. The results show that the parameterized simulation system can build and test varied screw drive in-pipe robot models quickly by only inputting some design parameters. The proposed design system and strategy can help realize the production of a screw drive in-pipe robot rapidly.
Introduction
Pipelines are the most economical and efficient transportation facilities that have been applied to the transportation of petroleum and natural gas up until now. In order to ensure safety, it is necessary to inspect and maintain pipelines regularly. 1 In recent decades, various in-pipe robots have been developed to inspect pipes, 2 which can be divided into the PIG type, wheeled type, crawler type, and bionic type. The PIG type is the earliest developed robot that is generally applied to pipes of large diameters. 3 It is passively actuated by the differential pressure of the fluid inside the pipes. Inspired by ground mobile robots, the wheeled-type 4, 5 and crawler-type robots 6 are usually used in combination with the wall-pressing mechanism. The wheeled type, which can move efficiently in different varieties of pipes, has two main categories, namely the active wheeled type 4 and the screw type, 7 with passive wheels. The crawler-type robot can output relatively large traction if the energy consumption is not considered seriously. In addition, several bionic-type robots, such as the worm robot, 8 the snake-like robot, 9 and the multi-leg robot, 10 have been developed. The mobile patterns are novel and have some advantages in some aspects. However, the bionic-type robots are relatively inefficient and the mechanism is complex compared to the wheeled-type robots. Up to now, the wheeled type robots are the most attractive and promising in application. Parameter design is always an important problem in the research fields of in-pipe robots due to the complex interactive relationship between robots and the inner wall of pipes. Optimal parameter selection can help the robot move smoothly and efficiently inside the desired pipes with sufficient traction forces. On the contrary, poor parameter selection probably hinders the movement without enough traction or traps the robot into the pipeline. Moreover, the geometric dimensions of the applied pipes in different situations vary in a large range. For example, the diameter of the petroleum transportation pipe is DN500 or larger, while the diameter of the gas pipe in residential buildings is DN50. Besides, the curvature radiuses and the steering angles of the curved pipes also change in different pipeline nets. Up to now, there is no in-pipe robot that can work well and complete tasks in all types of pipes. The general solution is to design different robots for different pipes, and one robot can only adapt to the pipes of a specific range of geometric dimensions. In consideration of the applied market demands and developed cost, a general and rapid parameter design method is seriously required for in-pipe robot design.
Many researchers have proposed parameter design methods for in-pipe robots. Qiao and Shang 11 proposed an algorithm to calculate the lengths of legs at every moment and the required deformation lengths of elastic legs. This algorithm was deduced in a U-shaped elbow in which the radial dimension changed the most. Kakogawa and Ma 12 proposed the stiffness design method of springs inside the elastic arms, and established the relationship among the spring stiffness, motor torque, robot length, and static friction based on the kinematic analysis and the principle of helical motion. In order to make the robot climb in vertically positioned bent pipes, Kakogawa et al. 13 then proposed the design method of arm length based on the kinematic and quasi-static models. Kwon et al.
14 designed a pipeline inspection robot and determined the actuator size by the kinematics and static analysis. Li et al. 15 proposed a design method of spring parameters for a screw drive in-pipe robot based on the energy consumption model. Tang et al. 16 established a pose model in elbow pipes and obtained the traction model based on the static analysis.
Considering the above-mentioned methods, the designs of in-pipe robots are almost always achieved through the kinematic and static models. Although these methods work to some extent, the approximate analysis for simple computational models is not exactly accurate in expressing the motive process, especially in curved pipes. The motive trajectory and the lengths of elastic arms are different due to many factors, such as the external force, gravity force, the pipe posture, and so on. Maybe a dynamic model can describe the motion of the robot accurately. However, it is difficult to build and compute the dynamic model in consideration of the nonlinearity constraint relationship of the curved pipe and the complex force on the wheels from the inner wall of the pipe.
A simulation method by ADAMS or other software is always used to solve such problems. 17 Therefore, it is necessary to study the simulation design method or system in order to design in-pipe robots for different application situations. Considering varied pipe types and applied conditions, the aim of this paper is to provide a rapid design system and strategy of the screw drive type in-pipe robot in order to guide the robot design. Firstly, the motion principles of screw drive in-pipe robots are analyzed. Then a general and rapid design platform is established based on the parameterized modeling method in the ADAMS simulation software. Through the simulation platform, the parameter analysis results by the simple design strategy are given for guiding the designing. Finally, a design example based on the simulation platform is demonstrated.
2 Establishing the generalized design model 2.1 Motion principles of screw drive in-pipe robots
The screw drive in-pipe robot belongs to one of the most important moving mechanism types in application to pipeline inspection. The robot especially adapts to small size pipes with a diameter under 300 mm due to the simple and special transmission mechanism. Therefore, the rapid design method is studied here by taking the screw drive inpipe robot as an example, which can be easily generalized to other types of in-pipe robots, such as active wheeled robots.
As shown in Figure 1 , the screw drive in-pipe robot is basically composed of the rotator, stator, elastic wallpressing mechanism, passive wheels, drive motor, and some accessories.
The stator with a motor serves as the power transmission source, which can drive the rotator to rotate. Then the screw wheels with bias angles generate the axial component force from friction. Therefore, the robot can move forward and backward by controlling the rotational direction of the motors or changing the bias angles of the screw wheels. The motion principles are similar to the bolt inside a nut. As analyzed by Li et al., 18 the robot motion follows the laws below:
(a) the motive speed of the robot is proportional to the rotational speed of the drive motor and the bias angles of the screw wheels; (b) the tractive force of the robot is proportional to the drive torque of the motor; (c) the tractive force of the robot is inversely proportional to the bias angles of the screw wheels.
Furthermore, the motive performance is limited by the robot-wall contact states, which is decided by the geometric size of the robot.
Design parameter extraction and association
In applications, the inspected pipe diameters by screw drive in-pipe robots range largely from 20 to 300 mm, while the angle of the curved pipe structure also varies greatly from 45 to 180 degree angles. As shown in Figure 2 , the robot probably collides with the pipe or loses contact due to the unreasonable designs of elastic arms or bodies. Thus, some design parameters of the pipe robots must be seriously considered based on different applied situations and demands. In order to establish the parameterized simulation model, it is necessary to find out these key design parameters and the geometric data association features.
As shown in Figure 3 , l r1 , l r2 , l s1 , and l s2 are denoted as the length from A to B, the length from B to C, the length from C to D, and the length from D to E, respectively. l r1 , l r2 , l s1 , and l s2 decide the whole length of the robot and the locations of elastic arms, which will influence the steering ability of the robot.
As shown in Figure 4 , the body diameter is denoted as d. The initial arm length of the rotator is l 10 and the spring stiffness is k 1 . Similarly, the initial arm length of the stator is l 20 and the spring stiffness is k 2 . The wheel radiuses on the rotator and the stator are usually designed as the same size and are both denoted as r w . The diameter of the pipe is denoted as D. In summary, D, l r1 , l r2 , l s1 , l s2 , d, and r w decide the whole geometric structure and potential steering abilities, and l 10 , l 20 , k 1 , and k 2 decide the contact forces and the movement performance. Therefore, D, l r1 , l r2 , l s1 , l s2 , d, r w , l 10 , l 20 , k 1 , and k 2 are extracted as the key design parameters. That is to say, only these parameters are designed reasonably considering demands, such that the screw drive in-pipe robot can adapt to the pipe environments and provide enough tractive force.
Generally, the model is drawn and input by Solidworks software or directly by ADAMS software. However, these methods cannot be used to change the parameters flexibly once the model is built. In order to design a parameterized simulation system, the three-dimensional (3D) geometric association relationship of those design parameters should be analyzed. As shown in Figure 5 , the topology structure of the robot can be expressed by some prismatic pairs, revolute pairs, and so on. The model begins with the stator of the robot, and the coordinate relation is calculated by the homogeneous transformation matrix.
As shown in Figure 6 , the global coordinate system is {O-XYZ}. In order to observe different motion abilities, the initial position and posture of the robot and pipeline should be parameterized. Thus, the local coordinate system of the robot stator is set as {O s -X s Y s Z s }, which is expressed as follows:
where (p rx , p ry , p rz ) T and f are defined as the displacement vector from O to O s .
Through the marker point O s and Equation (1), the stator can be established as a cylinder in the model, whose length and width are (l s1 + l s2 -l a ) and d, respectively. For the arms on the stator, the homogeneous transformation matrix of the marker points can be expressed as follows:
where i represents the serial number of the arms. By the basic transformation matrix, the markers and relative relationship can be determined one by one in the simulation system of ADAMS. The coordinate systems and transformation matrix are not listed here completely for the reason of similarity.
General parameterized simulation system
The robot motion in pipes is a complex interaction process, which is difficult to analyze theoretically. ADAMS is a very good dynamic simulation software based on the Lagrange and Kane equations. 19, 20 Instead of interactive graphic modeling technology, a general parameterized simulation system is established through the secondary development tool with ADAMS CMD language.
Modeling technique of ADAMS based on CMD language
The user interface is designed firstly by modifying menu and adding ''robot'' into the original menu, so that the simulation system can be started by the robot menu quickly. The CMD codes are listed below.
Then, the desired simulation dialog box is built. In the dialog box, ''Label,''''Button,'' and ''Field'' are set to realize the parameterized simulation model. The variables in ''Field'' are associated with parameters of the in-pipe robot. These variables can be changed and set based on design demands.
After the initialization of design parameters, the simulation system can be built by pressing the buttons ''robot model,''''pipe model,'' and ''constraints.'' In the modeling, several types of commands are applied.
In the programming of CMD language, the geometry model, marker points, joints, motions, springs, etc., are built in turn by the commands. For example, a cylinder is created by using the ''part create rigid_body name_and_ position part_name,''''part modify rigid_body mass_pro perties part_name,'' and ''part attributes part_name=. MODEL_1.rarm1 color'' as the part name, material, and color, respectively. Next a marker is created as the cylinder coordinate by those coordinate systems and transformation matrix, and the cylinder is created based on geometry parameters, including length, radius, and angle.
After building up the geometrical model, some constraints need to be added between different joints (e.g., revolute pairs, fixed pairs, or prismatic pairs). Generally, two marker points are needed to define a ''joint revolute,'' and then the ''constraint create joint Revolute'' demand is used to create the revolute pair. The motion function relation can be added by the demand ''constraint create motion,'' and the rotational parameter ''screw_motor'' is related to the user-defined input.
Spring is an important constraint unit in the design of in-pipe robots. Firstly, two marker points are created on the two associated parts. Then the stiffness coefficient, damping coefficient, and initial length are defined.
Contact constraints are mainly defined between wheels and the inner wall of pipes. Two geometry bodies are selected, and the parameters, including stiffness, damping, exponent, friction, etc., are set.
Through the above modeling commands, the parameterized simulation system of in-pipe robots can be 
Model verification
In order to verify the validity of the proposed parameterized simulation system, several situations are tested. As shown in Figure 7 , many parameters of the robot and pipe can be set as needed. In the labels of ''Location'' and ''Orientation,'' the local coordinate system can be selected for different inclination angles. In the label of ''Pipe Para,'' the curvature radius, angle, length, and diameter of pipes can be defined. In the labels of ''Spring'' and ''Robot,'' the stiffness and preload force of elastic arms and the basic geometrical parameters of the robot can be input separately. In the label of ''Motion,'' the screw angle, rotational speed, and the tractive force can be set, which work as the motion parameter in the simulation run. For the modeling of the simulation system, we firstly need to set all the parameters and press the ''Model,''''pipe model,'' and Constraints'' buttons in sequence. Then the robot and pipe model are established as shown in Figure 7 . Finally, the solver function in the ''Simulation Control'' interface is used to realize the dynamic simulation.
For example, the parameters in Figure 8 represent a 90 degree curved pipe that is positioned horizontally on the ground. The robot can move smoothly in the pipe. In the simulation run, we can observe whether the robot body collides with the pipe wall or not. In the ADAMS/Post Processor, many movement and force results can be measured and analyzed. These results provide very useful information for the robot design.
! CREATE CYLINDER (rarm1) default coordinate_system default_coordinate_system=.MODEL_1 part create rigid_body name_and_position part_name=.MODEL_1.rarm1 adams_id=(eval(UNIQUE_ID("part"))) part modify rigid_body mass_properties part_name=.MODEL_1.rarm1 material=(eval(.MODEL_1.my_meterial)) part attributes part_name=.MODEL_1.rarm1 color=DKGreen name_vis=off marker create marker=.MODEL_1.rarm1.MARKER_1 & adams_id=(eval(UNIQUE_ID("marker")))&location=(LOC_RELATIVE_TO({0.5*d_sg_11*cos(120d), .5*d_sg_11*sin(120d),(eval(L_sg_11 + 0.5*d_sg_12))},.MODEL_1.ga2.marker_3))&orientation=(ORI_RELATIVE_TO ({210,90,0} As shown in Figure 9 , the model is built in a straight pipe, which is positioned vertically. The entire model process is completely automatic after setting the design parameters. In the developed parameterized simulation system, the geometrical parameters and motion parameters can all be changed based on the design demands.
Design application 4.1 Rapid design strategy
Before designing, the demands from application environments are often proposed, which must be satisfied when robots are walking inside pipes. In engineering applications of in-pipe robots, the abilities of steering in curved pipes and tractive force are the most important, which are mainly decided by design parameters, such as D, l r1 , l r2 , l s1 , l s2 , d, r w , l 10 , l 20 , k 1 , and k 2 . The pipe environment and tractive force can all be changed in the interactive interface shown in Figure 7 . Then the movement abilities of the robot can be observed by the dynamic simulation process. As show in Figure 10 , the robot cannot move forward smoothly, which probably results from the unreasonable spring parameters of the elastic arms. In Figure 11 , the head, middle part, or tail of the robot collides with the inner wall of the pipeline, which mainly results from the unreasonable values of l r1 , l r2 , l s1 , l s2 , and d.
In order to realize rapid and easy design, a design strategy is proposed based on the parameterized simulation system, as shown in Figure 12 . There are several points in the design strategy, which can accelerate the search process of optimal design parameters.
(1) Parameter initialization strategy Good initialization parameters are important for a rapid design. Based on the design experiences from application engineering and experiments, these parameters are given as
!********************************************************** ! CREATE SPRING_ undo begin marker create marker=.MODEL_1. (2) Parameter adjustment strategy for unstable movement
In the design process, too small values of spring stiffness and preload force may result in the unstable movement of the robot. Meanwhile, too large design values are also infeasible in consideration of the torque of the drive motor. Therefore, an adjusting strategy with small step size is adopted when the robot cannot move stably in the pipe. The step size of preload force is set as 2 N, and the new preload force F 10,new is renewed by Equation (3) . Then the spring stiffness k 10,new is changed by Equation (4):
Equations (3) and (4) are given out empirically, which can ensure the elastic arms are long enough to keep the wheels in touch with the inner wall even in curved pipes.
(3) Parameter adjustment strategy for body collision When the structure sizes are not reasonable, collision between the robot body and inner wall probably happens. Generally, the potential collision risk is proportional to the values of body length. Therefore, the length is decreased appropriately based on the potential collision part of the robot. When a head collision occurs, adjust the parameters by Equation (5):
When a tail collision occurs, adjust the parameters by Equation (6):
When a middle body collision occurs, adjust the parameters by Equation (7):
The design work is finished only when the parameters can make the robot move smoothly in the applied pipes with enough tractive force. The whole design process is convenient and visual, which only needs some input parameters.
Case study
Take DN200 pipe application environments as an example, which is a standard type of industrial pipeline. In Table 1 , the diameter of the inspected pipes is 219 mm, and the minimum radius of curvature is 300 mm. The robot should pass through the curved pipes with 90 degree angles. In consideration of the transmission mechanism and inspecting device, the length of the robot should be more than 255 mm. In addition, the value of tractive force is more than 30 N.
Through the design strategy propose in Section 4.1, the design process can be described as below. Step 1: Initialization: select the initial parameters based on the design demands, such as
Step 2: Input parameters and build the simulation model by pressing the ''Model,''''pipe model,'' and Constraints'' buttons in sequence.
Step 3: Run the simulation model by setting the ' ' Step Size'' as 0.01 and ''Duration'' time as 15 s.
Step 4: Observe and judge if the robot can pass through the pipe smoothly.
Step 5: If the robot cannot move forward stably, change the values of F 10 and F 20 , k 1 and k 2 by Equations (1) and (2), then jump to Step 2.
Step 6: If the head of the robot happens to collide with the inner wall of the pipes, change the values of l r1 and l r2 by Equation (3), then jump to Step 2.
Step 7: If the tail of the robot happens to collide with the inner wall of the pipes, change the values of l s1 and l s2 by Equation (4), then jump to Step 2.
Step 8: If the middle body of the robot happens to collide with the inner wall of pipes, change the values of l r1 , l r2 , l s1 , and l s2 by Equation (5), then jump to Step 2.
Step 9: If the robot can pass through the pipes smoothly, confirm the design parameters finally, which are l r1 = 49 mm, l r2 = 78 mm, l s1 = 81 mm, l s2 = 47 mm, d = 100 mm, a = 15°, r w = 15 mm, F 10 = F 20 =41 N, k 1 = k 2 =1.5 N/mm.
Using this design strategy, the design result of the robot can be found easily. The proposed simulation model is thus validated, which can adapt to the changes of parameters and run successfully in ADAMS software. The simulation results are closer to engineering applications than the simple theoretical calculation.
Conclusion
In this paper, a parameterized simulation system and the design strategy are proposed for the rapid design of a screw drive in-pipe robot. The structure properties of the screw drive in-pipe robot are analyzed, and the key design parameters are used to build the simulation model by the CMD language of ADAMS software. The design results of the case study prove the validity of the parameterized simulation system and the design strategy. In the future, the research will focus on the more universal parameterized design system for several types of in-pipe robots. 
